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lsuMmRY

A flight instrument that uses electric means for measuring the
droplet-size distribution in above-freezing clouds has been devised and
given prelhinary evaluation in flight. An electric charge is placed
on the droplets and they are separated aerodynamically according to
their mass. Because the charge placed.on the droplets is a function of
the droplet size, the size spectrum can be determined by measurement of
the charge deposited on”cylinders of several different sizes placed to
intercept the charged droplets. An expression for the rate of charge
acquisition by a water droplet in a field of coronal discharge is
derived. The results obtatied in flight with an instrument based on the
method described indicate that continuous records of droplet-size spec-
trum variations in C1OUCIScan be obtained. The expertiental instrument
was used to evaluate the method and was not refined to the extent
necessary for obtaining conclusive meteorological data.

. The desirable ‘featuresof an instrumentbased on the method
described are (1) The instrument can be used in clouds with tempera-
tures above freezing; (2) the size and the shape of the cylinders do
not change during the exposure time; (3) the readings are instantaneous
add continuous; (4) the available sensitivity permits the study of
variations in cloud’structures of less than 200 feet in extent.

INTRODUCTION

In the problem of all-weather flying, the physics of clouds is of
greatimportance because clouds can c~use-airc~~ icing, titerference
with radar, turbulence, and limitations of visibility. The necessity
for a knowledge of the physical characteristics of the icing cloud is
evident when the fundamental variables that determine the areas of
impingement of freezing cloud droplets on aircraft parts are examined.

The rotating-multicylindermethod described in references 1 and 2
has been used to measure liquid-water content and droplet-size distri-
bution in icing clouds. The operation of this method is based on the
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principle that when cylinders of various diameters are moved through a
cloud, the amount of water intercepted per unit projected area of each
cylinder is dependent on the diameter of the cylinder and the inertia
of the cloud droplets. Those supercooled droplets that strike the
cykLnders freeze onto the cylinders. The collection efficiency of
cylinders, defined as the ratio of the amount of water intercepted to
the smount of watm originally containe~ in the volume swept out by the
cy13.nders,has been calculated (reference 1) and is a known function of
drop diameter, cylhder diameter, airspeed, temperature, and pressure.
Collection efficiency is an increasing function with ticreasing droplet
diameter, decreasing cylinder diameter, and increasing airspeed. From
these kmwn relations, the liquid-water content, the volume-median &op
diameterlj and the hop size distribution can be calculated from the
weights of ice collected during the simultaneous exposure of sev=al
cytiders of ~f erent diameters.

Data obt+ined by the rotating-multicylindermethod have been valu-
able in computations for the design of thermal ice-prevention systems.
The cylinders collect ice in a manner shilar to that of airplane
componentsj therefore, the intrin.sic value of the method should not be
underesthated. There are limitations, however, to the rotating-
multicylinder method in the study of cloud physics. An important
phase in the study of the formation of clouds is the investigation
of the drop size and drop-size distribution in clouds above the
freezing temperate. A lmowledge of the conditions in clouds above
the freezing temperature is also necessary for the study of turbulence
and atmospheric forecasting.

A method that permits the study of the centinuous variations in
the structure of clouds having temperatures above freezing has been
devised and given prelhinary evaluation in flight at the NACA Lewis
laboratory. The method is based on the principle that an electric
charge of known quantity can he placed on each droplet in a sample
of the cloud. Because the amount of electric charge placed on the
droplets is a function of their size, their mass can be measured
electrically. The droplets in the cloud sample are charged by a coro-
nal discharge taking place between two plates oriented prallel to
an airstream. After the droplets are charged, they are separated
according to their size. The method of sepafition involves the use
of cylinders of various sizes placed in the path of the droplets.
As with the rotating-cyltidermethod, collection efficiencies of the
cyltiders of different sizes are functions of drop size and cylinder

%?he amount of water inal.l the drops of a diameter greater than the
volume-median drop itk.meteris equal to the amount of water in all the
drops of smaller diameter. Volume-median drop diameter is often
referred to as “mean-effectiveCkop diameter.”
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diameter. The charge deposited on each cylinder represents a measure of
the total number of droplets intercepted. The rate of water intercep-
tion by the cylinders is measured in terms of an electric current
rather than in the form of deposited ice, as in the case of the
rotatimg-cytir method.

An instrument employimg the method described was constructed and
attached to the under side of a light-bomber-type airplane. Records
were obtained of the droplet-size variations in flights through various
types of cloud in order to prove the method feasible. All the clouds
were above the normal freezing temperature.

A part of the method presented in this report has appeared in a
dissertation titled “Some Aspects of A3rcrtit Icing Problem and an
Instrument for Its Study’[by Rinaldo J. Brun presented to the faculty
of the Yale School of Engineering 3R June 1949 in candidacy for the
de~ee of Doctor of Engineering.

SYMBOLS

The following syuibolsgme use-dherein.
in electrostatic units in the cgs system.)

A,B,C

a.

Ec

%

%

Ex

E.

Fr

J

K
.’

k

arbitrary constants to”be evaluated
conditions

(Allelectaiicalunits are

according to boundary

volume-median droplet radius, centimeters

electrical collection efficiency of cyklxders

mass collection-efficiencyof cylinders

radial component of electric field strength

x-component of electric field strength

undisturbed electric field strength

radial force of attraction between electron and droplet, dynes

current density in ionized field

droplet-inertia parameter

electron ion mobility

—.—.—- .— -—--
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L significant dimension of obstacle, centimeters

distance between anode and needle points, centimetersz

mass of droplet, ~ams

total numbs of droplets in volume swept out by cylinder

m

N

Ni

Q

ntier of droplets of group size i that impinge on cylinder

charge on droplet

saturation charge’on droplet

radial dist-ce from center of droplet to electron, centimetersr

t time interval during which droplet is being charged, seconds

u free-stream velocity, centimeters per second

Q

v%

‘x

x, y, z

Y

electrostatic potential at say point in field

electrostatic potential applied to cathode

x-component of droplet velocity, centtieters per second

rectangular coordinates

length of cathde, centimeters

length of sweepout field, centimeters

electron charge

e angle between radial force component of electron attraction to
droplet and x-axis through center of droplet, radians

‘o

A

terminating angle of approach of electrons to droplet, radians

thiclmess of luminous layer

tiscosity of ah, warns per second per centimeterIJ

v distance from surface of droplet to electron, as fractional
part of radius

.
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P charge density in ionized field

Pa density of afi, gains per cubic

Pw density of water droplet, grams

a specific inductive capacitance

centimeter

per ctiic centimeter

T ratio of electrical charge contained.in particular
question c~ared with total of charge contained

@ dimensionless &rameter defined by equation (Cl)

+ force-field function

u radius of tube of force 13ne6

PRINCIPLE OF OPERA!I’IOI?

group im
in all groups

A method for measuring cloud-droplet size is presented. An elec-
trical chsrge is placed on the droplets and they are aerodynamically
separated accmding to their mass. A system for chsrgimg cloud droplets
is schematically shown in figure 1. The system consists of two paxallel
plates designated A and C. A coronal discharge exists between”the
plates along the distance ind3.catedbyY. Cloud droplets enter the
region of coronal discharge in the direction of the air velocity and
acquire a charge while they are in the region of coronal discharge.
After leaving the region of coronal discharge, the dxoplets follow paths
governed by the air flow around obstacles placed beyond the parallel
plates. f!ylindersof various sizes are considered practical obstacles
because the droplet impingement on cylinders is lmown, as described in
references 1 and 2. Upon striking the cylinders the droplets leave
their charge on the cy13nder surface. The rate of charge deposit is
measured by a microammeter placed in the circuit as shown in figure 1
or by a recording galmometer. The cmrent readings from several
different sizes of cylinders can be translated into droplet-size dis-
tribution by methods subsequently described.

Field of coronal discharge. - The coronal discharge between
plates A and C (fig. 1) is induced by an electric potential produced
with a high-voltage dSrect-currentpower hp@y. Needles, indicated
by B h the figure, are inserted into the cathode phte C to aid h
obtaining a uniform coronal discharge at a much lower potential drop
than would be necessary with smooth parallel plates. with the existence

.
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of a coronal discharge between the plates, a layer of luminous atmos-
phere is formed around the points of the needles. The luminosity .
extends out into the field a short distance A (fig. 1). The luminous
layer is caused by the ionization processes taking place in that region.
These processes result in the formation of positive ions and negative
electrons by the collision of other electrons with the air molecules.
The positive ions move to the cathode plate C, which is at a high neg-
ative potential, and the electrons move to the anode plate A, which in
the exper~nts is maintained at g?ound potential.

The current measured from each itifferentsize of cylhler canbe
translated into droplet-size distribution only if an expression is
hewn for the rate of charge acqtisitionby a water droplet in a field
of coronal discharge. In order to derive the expression for the rate
of charge acquisition, a knowledge of the field strength and the forces
of attraction between the electrons ~ the droplets is necessary every-
whme in the field of coronal discharge.

The mechanism of the electrical discharge through gases is very
well described in several textbooks (references 3 to 5). The solution
of the equation for the field strength i.svery d3fficul.tfor the com-
plete region between two plates in which ions of nmre than one kind
exist. In this report, a solution to the field equation is obtained
that is complete enough to be of use. The solution is obtatied by: .

(1) the use of physical conditions that best lend themselves to a solu-
tion of the equations, (2) the measurement of as many unknowns as pos-
sible, and (3) the use of reasonable simplifying assum@ions.

R

The derivation of the expression for the electric field strength EO
in the region of coronal discharge 3.sgiven in appen- A. The equa-
tion derived is

2
2

()
_ 8fijx+ ‘t

‘o k -i
(1)

The
and
the

assumption is made that in the region between the luminous layer
the anode plate the electrons moving toward the anode constitute
only current. Calculations employing this assumption for the case

of corona in coadal cylinders are in s~stantial agreement with experi-
mental observations (references 3 and 5 to 7). For the instrument used
in the tests reported herein, no serious -or was made in the final
results by ignoring the effect on E. of the current in the space
between the plates smd

Vt
Eo.y (2) .

was found to be valid (appendixA).
v
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charging of droplet. - Equations are presented for the forces that
govern the capture of an electron by a spherical water droplet placed
in an ionized field, such as the field between A and the ano= in
figure 1. The spherical droplet acquires a charge by its electrical
attraction of the elections. The electrons follow the 13nes of force
that lead to the droplet, as indicated fi fi~e 2. T~ droplet cease6
to acquire more electrons from the field when the radial force of
attraction between the electrons in the field and the droplet is zero
or negative anywhere in the field for all angles of approach.

The expression for the radial component of the force exerted on
an electron of charge e situated at a neighboring point P a distance
r from O is derived in appendix B. A conduct- spherical droplet
(fig. 3) of radius a with center O and with negative charge Q is
considered located at a coordinate point x, where the field E is

8determinable from eqyation (1) or (2). me derivation is base on the
following assumptions:

1. The field strength E. does not vary in the neighborhood of
the droplet because of space charge; that is, the droplet is located
in a uniform field. The influence of the space charge on ~ has been
shown to be s&all (appendix A).

.

2. Other droplets that maybe in the field are so far from the one
under consideration that they do not influence the force on the electron..
Under average conditions, clouds have been found to consist of droplets
of 20 microns in diameter spaced approximately 100 diameters apart.

3. Other electrons surrounding the droplet do not affect the
radial component of the force between the electron at P and the
droplet.

4. The only charges attractedby the spherical droplet are elec-
trons. The significant number of positive ions formed are in the lumi-
nous region A and are swept out to the cathode. The mobility d any
ion formedby molecules in the air is so much smaller than the electron
mobility that the charging by large ions is of no consequence.

The radial component of force of attraction between the droplet
and the negatively charged electron is

Fr=-c~=-
[)
1+$ -CEo Cos e

4.

.

+-12
ac

r3
(3)
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The angle (1 is measured counterclockwisefrom the x-axis to the
radial-fmce component (fig. 3). The first bracketed term in eqm-
tion (3) is the effect of a conducting spherical droplet in a uniform
field caused by the field distortion in the neighborhood of the tiopletj

the second term is the effect of the charge Q on the droplet; and the
third term (bracketed) is the effect obtainedby applying Coulonib’slaw
that the force of attraction between the electron and the ungrounded
droplet is eqpal to that between the electron and its hage.

~

As the charge Q acqtiedby the sphere increases in magnitude,
the force Fr becomes zero for successively smaller values of the polar
angle L9. Thus, the charge canbe imagimed funneled through a cone for
which the half-vertex angle e decreases as the amount of charge Q
acquiredby the sphere increases (fig. 2). The
of charge acquisition by the droplet is derived
charge acqtied as a function of time was found

Inasmuch as specific inductive capacitance IY=
effect of the specific inductive capacitance is

expression for the rate
in appendix B. me
to be

(4)

81 for water, the
practically negligible.

The mann= in which charge acquisition varies with the is shown in m

figure 4 for three values of j and for EO = 10.92 electrostatic
units per centtieter. For large values of time t .

(5)

Droplet.size and collection efficiency. - The droplet size canbe
obtained from eqwtion (4) when the time imterval during which the drop-
let rains in the region of coronal discharge and the charge deposited
by the droplet qpon striking the cylinder are known. The time interval
is obtained from a lnmwledge of the.air-stream velocity and the physical
CMmension Y (fig. 1). The size and the nudoer of droplets per unit
volume of cloud are measured in terms of the current to ground from the
cyUnders of diff=ent sizes placed directly in the path of the droplets
downstream of the coronal-dischargefield. The size of the droplets
impinging on the cylinders is a function of the size of the cylinders.
Both the large and small droplets impinge on the very small cylinders,
whereas mostly the large drops hpinge on the large cylinders. A
method for resol~ the rate of ice accum&ati& on a group of
different-sized cylinders into effective droplet-size distribution of a
cloud is presented in reference 1. The method is essentially retained
herein, but it is modified in order to translate electrical readings of A

the current from the cylinders into effective droplet-size distribution.

“

#
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In a cloud the water drops are often not of uniform size. Five
different droplet-size distribution patterns have been defined for con-
venience in classification of clouds (reference 1). The table of &i,s-

tribution patterns, reproduced herein as table 1, was adapted to cover
some of the probable range encountered in nature. The tioplet-size
ratios given in table I are the ratios of the average radius of the
droplets in each subdivision to the radius ~ of the volmne-median
drop size.

In order to use the work of referenpe 1 to translate the electri-
cal readings into droplet-size distribution, the following expressions
are derived: If, b a c1ou(I, of UIILI?Orm droplet size, Ni is the numiber
of droplets of-radius a that hpinge on a cyhder in a given time and
N is the total ntier in the volume swept out by the cylinder h the
same time, the electrical collection efficiency is

NiQ Ni

‘C=NQ ‘~

In this equation, Ec can also be considered as the ratio of the charge
deposited on the cylinder to the total charge in the volumeswept out by
the cylinder. From the usual definition of collection efficiency,

‘i

%4=3-=EC

in the case of uniform droplet size (distribution, table I).

The electrical collection efficiency for )distributionsB, C, D,
and E csmnot be evaluated as readily as for A and must be computed
by a rather lengthy method presented in appendix C. The droplet-size
distribution i~ obtainedby a comparison of observed data with computed
values of corresponding information given h table II. The method for
performing this operation is very similar to that described in refer-
ences 1 and 8 f~r ice accretion on rotating cylinders and is briefly
outlined in appendix C.

Droplet deflection: - A knowledge of the deflection of the charging
droplets as they pass through the coronal field is important in order to
determine the best position of the cylinders, as will be discussed in
the next section. The equation of motion is written with air resistance
neglected and with the provision that the x-component of the velocity.
obtained with this assumption will be examined to determine whether it
is large enough to contribute appreciably to the air resistmce.

.

.—__——__ _ ——— .— - ——_—_ — —.—=— .. _ _
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dvx

‘%= -Q E.

3tin2a2j +,

.

dv..= - “if. m

3a2E02
‘X=- m

[

t-

QmEo L)%1102 ~ . t
x =-

2m
t2+————

3-@n j

where ~ is the value of x when
field.

For t = 0.0083 second, which

mjt +Eo

E.
loge

~

(
loge 1

( )!“IIjt+Eo

E.
(6)

)
3a2E03t

Qt -
+ E. lljm +X0 (7)

the droplet enters the ionizing

corresponds to the contition of an
air-stream speed of 200 miles per hour and a coronal field 30 inches
long, a droplet 10-3 centimeter in radius deviates by 0.98 centimeter
from a straight line in passing through the coronal field
(Eo = 10 e.s.u./cm and j = 103 e.s.u./sq cm). The deviation is so
small that very few of the droplets are deflected against the grounded
plates. The velocity vx is found to be very low (in the order of
10 ft/see, eq~tion (6)), so that the air resistance canbe neglected
in the eqwtion of motion.

A lmowledge of the deflection of the charging droplets as they pass
through the coronal field is also @ortant in order to obtain the mass
of the Wgest particles in the atmosph~e, particularly when an instru-
ment is mounted on an airplane. In eqmtion (7), C& canbe expressed
in t~ of the mass of a particle. In order to obtain the mass of the
largest particle in the atmosphwe, the air-stream speed is decreased
until no current is noted from the small.cylinders. The mass of the
largest particle is calculated from eqyation (7) by determin@ the
trajectory of particles that enter the ionizing field near tinecathode
and are deflected by the electric field in the distance Y+YS to
just miss the cyl&@rs (dashed line b fig. 1).

DESCRIPTIONOF INSTRUMENT

An instrument based on the principle of operation described in the
preceding section was constructed. The instrument comprised four air-
stream channeh back to back as’shown in figme 5. Needles were

.

inserted through the cathode plate to aid in obtaining a uniform coronal

.
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discharge. The needles protruded through both sides of the cathode
plates; thus each plate acted as a cathode for two air-stream channeb.
Cylinders of four different sizes were installed dlrectl.ybehind the
region of coronal discharge (fig. 6). The asseniblywas hung from the
under side of the fuselage of a twin-engine light-bonber-typeairplane
(fig. 7).

In order to obtain maximum coronal discharge in the ionizing field
with the direct-cument voltage supply available, the physical dimensions
of an instrument must be carefully considered. The distance 2 from
the needle points to the grounded anode was e~erimentall.y determined
by constructing a laboratory model in”whi.chthe current density was
observed when 2 was varied. A value of 7.5 centimeters was deter-
mined to be the largest consistent with steady coronal discharge for
the direct-currentpotential of 25,000 volts available to apply across
the plates. The adjustment of the distance 2 between the cathodes
and the ground plates was made with the aid of numerous plugs located
to measwe the current density j at various positions (fig. 6). The
plugs, all of the same area, were insulated from the ground plate. The
cathodes were adjusted with respect to the ground plates so that all
the plugs read the same value of j.

The length Y of the coronal d3.s@arge (fig. 1) was a compromise
between the mount of charge desired on a droplet and structural com-
plications in mounting the instrument on the airplane as well as aero-
dynamic considerations in flight. It is desirable to charge a droplet
nearly to saturation or to a state represented by points beyond the
knee of the charging curves, such as point A on figure 4j errors in
measuring j, and particularly in the airplane speed, which determines
the time a droplet remains in the charging field, then reflect less on
calculated values of Q than if the charging time were small. When
the instrument is used on a modern fast-flying airplane, the length
required for the desired charging time complicates the construction.
In the instrument, a length Y of 30 inches was chosen to allow mount-
ing on one of the bomb-bay doors of the Mghtb tier.

The insulation between the cathode, which was at a high negative
potential, and the ground presented some difficulties causedby moisture
collection on the surfaces of the insulators. The insulators used were
conmrcial ceramic, high-voltage transfomner bushings with 3/4-inch
Lgles through their centers. Ih order to avoid moisture formation on
the insulator surfaces inverted cups were placed around the insulatms,
as sham in figure 6, to protect them from droplets that might impinge
on them directly. A blanket of dry hot air bled from the thermal de-
icing system of the airplane was maintained inside the cups to avoid
condensation on the insulator surfaces.

-—- -—-- .- ..- —..—---- — ————. .— . — .———- _ ——
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A gasoline-engine-drivengenerator furnished the 220-volt, three-
phase puwer required to op~ate the high-voltage direct-current power
supply. Both the engine-gen-atcm and the high-~oltage power supply”
were mounted @ide the bonb bay of the airplane. The high-voltage
pow= sup@y was designed and constructed to operate at ~ voltage
up to 25,000-foot altitude without internal arcing. In the airplane,
the pow~-supply box was pressurized at rainpressure with clean hot
ah bled frmn the thermal de-icing system. Pressurizing the box pre~
vented any fuel fumes that might have been present b the bonb bay from
d5ffusing into the box.

The trajectories of droplets that entered the ionized field near
the luminous region were computed with the use of eqution (7) and
used to position the cylinders with respect to the cathode. The mag-
nitude of the luminous layer A was observed in the darkness to be
less than 2 millimeters for the conditions of Vt = 25,000 volts and

z = 7.62 centimeters. The width of the cyhders was made smaller than
the width 2 by an smmunt-such that, when the cylinders were properly
aldned with respect ‘tothe cathode and the anode, droplets which had at
any time been in the lumhous region or in the boundary layer of the
ano&. failed to strike the cy~ders. The Insulators used to mount the
cylinders were designed to act also as end plates for the cylinders in
order to provide more nearly two-d3mensional flow over the cy13.nders.

The cykinder tiameters used were 1/8, 1/2, 1~, amd 3 inches. The

nuder of cylimders used of each particular size was governed by the
.

total charge intercepted by each size of cylinder. A larger nmiber of
the smaller-sized cylinders was required in order to obtain a measurable
current of 2 microsmperes. The cylinders of any one size group were
wired in parallel. The spacing between cylinders was large enough to
avoid aerodynamic interference of the cylinders with each other.
Cy13nders of the same diameter wke ganged together were spaced
14 radii from center to center.

A multiple-recording galvsmcnneterwas used to record the varia-
tions in current from each set of cyktnders. A single-stage amplifier,
based on the cathode-followerprinciple, was used in the circuit between
the cylinders and the galvanometer. The current could also be checked
in flight with a vacuum-tzibemicroammeter, which was switched into any
one circuit when the current r&dlng was desired.

Concern arose as to wheth& nitrogen or oxygen ions, which may
have been present in the coronal-dischargefield, could be swept out
befcme they were carried back to the cylinders by the air flow. The
mobility constant. k for an oxygen molecule is 1.49 X 103. With a

.,
.-.
\.

.
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field strength of 10 electrostatic units, the ions move in the
x-direction with a velocity of 1.49 X 104 cent~ters per second. At
an airplane speed of 200 miles per hour, the ions move in the
y-direction with a“velocity of 8.94 X 103 centimeters pm second. An
extension of the cathode phte a distance Ys of 7.5 centimeters
(fig. 1) beyond the last sowce of ions was considered sufficient for
the sweep-out field.

FLIGEI RESULTS

The results obtained with the instrument described in the pre-
ceding section inticate that the method of charging cloud droplets can
be used for some phases of cloud studies. The purpose of the flights
described herein was not to obtati conclusive meteorological data but
rather to evaluate the method.

The instrument was sensitive in detecting water droplets and other
sizable particles present in the atmosphere even on a day apparently
clear except fa the usual haze noted in the horizon. At an altitude
of 4000 feet over Cleveland, a bluish haze was visible between the
airplane and the ground. The instrument indicated a sizable current
reading on the small cylinders at a true airspeed of 200 miles per
hour. The airplane speed was decreased until no cment was noted from
the small cylinders. The mass of the largest particle which had a
trajectory that just failed to reach the l/8-tich cylinder was calcu-
latedtith the use of equation (7). If the assumption that the parti-
cles are spheres with a density of unity is allowed, the particles had
a diameter of 4 microns. A yortion of the particle-size spectrum was
obtained from the value of the current measured from the l/8-inch
cyhders at a-true airspeed of 200 miles per hour and from the tra-
jectories of various-sized particles as calctited with e uation (7).

%The results of this type of analysis indicated that 3 X 10 particles
per ctiic centimeter, ranging in size frmn 2 to 4 microns in diameter,
were present. No attempt was made to measure particles of smaller size.
These results check v~ well with measurements made by other investi-
gators (reference 9) on condensation nuclei present in the atmosphere
on slopes of mountains.

At an altitude of 7000 feet the nuniberof particles was about one-
half the number at 4000 feet, but the size range was approximatel.ythe
same. A region at 7000 feet was found about 30 miles southwest of
Clevelxmd where the instrument indicated nearly clear air. Over Won,
40 miles southeast of Cleveland, the results were the same as those over
Cleveland. Over either qity readings of zero current from the cylinders

.
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were not obtained until an altitude of 12,000 feet was attained. A
spiraling descent from 1.2,000feet over Cleveland indicated that the
haze was stratified in two layers, the thinnest pat being at approxi-
mately 5000 feet. The temp~ature varied from freeztig at 12,000 feet
to 10° C at 2(X10feet. Several other flights in apparently clear air
checked the aforementioned results as to order of magnitude of particle
size and content.

On a later flight on a clear and warmer day (temperaturesranged
from 23° C new the ground to 17° C at 3500 ft, and 13° C at 7000 ft)
hrmediatel.yafter a rain, practically zero readings were obtained from
the cylinders at all altitudes. The flight was over Cleveland and at
altitudes as high as 7000 feet.

A galvanometersrecord of the current from three size sets of cyl-
inders registered during a flight through strato-cunmlus clouds is
presented k figure 8. One inch on the s+rip corresponds to about
2100 feet in the atmosphere. With records of the type shown, variations
occurring in 200 feet of cloud extent can be discerned. The high-
frequency variations on the strip are attributed to the natural fre-
quency of the galvanometerselements. In the two top traces, an increase
in current is indicated by a downward motion whereas with the 3-inch
cylinder record an increase in current reading is up.

Between the lines WW and XX the average Ii.qyld-watercontent,
volume-median tioplet tiameter, and distribution are 0.3 gram per
cubic meter, 11 microns, and B, respectively. The large variations
recorded to the right of line XX are caused by a cumulus section of
the cloud. At the peak conditions the liquid-water content, volume-
median droplet dismeter, and distribution were 0.9 ~am per ctiic
meter, 8 microns, and C to D or more, respectively. The data were
taken at 6(X)0-footaltitude and the aver e air temperature was about
80 C,

7The current flow from the set of 1 8-inch cykinders averaged
less than 2 microampere in the stratocunnilusclouds and varied up to
5 microampere in cumulus clouds.

On several occasions stratus clouds were approached from above.
On each of these occasions the instrument began indicating liquid-
water droplets from 1000 to 500 feet above the appsrent cloud. In one
40-mile flight at 8000-foot altitude averaging about 300 feet above a
tti stratus cloud, the current measured from the l/8-inch cylinders
fluctuated by as much as 400 percent. Even though the cloud layer was
apparently well defined below, columns of moisture rose above the
layer.

.
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One fQht was made in stratocumulus clouds im the vicinity of the
Cleveland Airport and over the south shore of @ke Erie. Observations
fra the ground before take-off indicated precipitation at the base of
some regions of the clouds because of the fuzzy appearance of some spots
on the under sides; however, no precipitation reached the ground. Ceil-
ing was reported at s13@tl.y over 5000 feet. At 3000-foot altitude, the
temperature was 3° C and the current from the different sizes of cyl-
inders was of the same order of magnitude as was noted on previous
flights thyough haze. ~ ah Was rough, hdica~hg considerable tur-
bulence. At 6500 feet, the temperate was 0° C ~ Precipitation WM
encountered in clumps or sheets that varied in length from about 400 to
1500 feet (estimated). On passing through these clumps, the cylinders
all read as much as four times the current through oth= parts of the
cloud● A portion of the flight record is shown in figure 9.

Because the instrument was designed without anti-icing eqpipment,
flights were necessarily conducted at atmospheric temperatures above
the freezing point. The instrument was flown through slight icing
conditions as a matter of curiosity. The only ill effect of the ice
noted was a large decrease b current density j, with a consequent
loss of signal at both,the plugs and the galvanometers. This decrease
was attributed to the formation of ice beads on the needle points.

The resistance between the cylinders and the smode was checked
during flights through clouds that wetted the instrument to ascertain
that the moisture did not cause an appreciable cmcmnt leakage to the
electrical ground. The resistsmce was always very high, in excess of
700 megohms. Flights were also made under various conditions to deter-
mine if atmospheric electricity might be partly the cause of the current
measurea from the cylinders. With the coronal discharge at zero no
current readings were observed frcm the cy13-nders. This test indi-
cates that the airplane always assumed the local potentials in the ‘
cloud and that the measurements of the instrument were those caused
by the additional c@rge placed on the droplets by the coronal dis-
charge.

CONCLUDING REMARKS

The charged-droplet cloud analyzer is based on a principle that
depends in part on the air flow past the instrument. In this respect
the instrument fits naturally into the condition encountered when it
is used with an airplane. !2helocation of the instrument on the air-
plane maybe improved perhaps to obtain a more representative sample
of the clouds. The first model was placed on the bmib-bay doors for
convenience in installation.

A difficulty soon realized in the interpretation of the data is
the lack of other independent methods for checking the results. The

—.. . ———--_______ —-—— -. —
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accuracy in determmng the liquid-water content and droplet-size dis-
tribution depends on: (1) the error in measuring true airspeed, frm
which the total charge on each dxoplet, as well as the rate of cloud
interception is obtatiedj (2) the error b measwing electrical values,
particulsrl.ythe galvanometersreadings obtained in the form of traces
on films (figs. 8 and 9); and (3) the errors in the assumed distribu-
tions presented in table I as compared with the natural conditions fobnd
in Clouti. With the instrumentation on the airphe used for the tests
reported herein, the error in measurhg true airspeed is about 2.5 miles
per hour, which restits in a negligible -or in determining liqyid-
water content and volume-median droplet diameter. For the tests with
the instrument described, the errors in measur~ and reading electrical
values varied dependimg on the type of cloud encountered, because the
errors involved in measuring the current density j and the applAed “
voltage Vt were insignificant as compared with those involved in
reading the film records of the galvanometers. Between the lines WW
and XX of figure 8, the distribution actually varied from A to C. At
any one point a difference of one distribution was possible when read
by different observers. At the peak conditions of the cumulus portion
of the cloud (fig. 8), the distribution was C or D, depending on the
observer. Whether the distribtiion was C or D”changed the liquid-watm
content by less than 0.1 gram per cubic meter (less than 10 percent of
the original). The errors sre much larger in resolving the data where .
the rate of change of cloud conditions is geat, such as at the fringes L

of a mnulus cloud. Under such conditions it is often difficult to
distinguish an E distribution from a B distribution. An improvement in
the instrumentation and technique of measuring the current from the

.

cylinders will improve the accuracy.
.

The differences h resol~ the data by differemt observers often
lie in.that the data obtained from the fihns do not precisely ~tch any
calculated distribution curve. The clifficulty in matching the curves
is caused in part by the scattering of the data and in part by the dif-
ference between the assumed distributions presented h table I and the
natural conditions efisting b the cloud measured. The addition of
cy13nders larger than 3 inches in diamet= may lessen tbe uncertainty
caused by the scattering of the data.

An instrument based on the method of charging the cloud droplets
has the folluwing desirable features:

1. The method can be’applied in clouds with
freezing and perhaps in subfreezing temperatures
icing equipment.

—

temperatures above
with proper anti-

,+
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2. The size and the shape of the cylinders do not change during
the exposure time as in the rotating-mlticyltider method.

3. The uncertainty caused by the bouncing off of droplets should
be much less than in the rotating-multicylindermethod because the
transfer of charge from the droplets to the cylinders is nearly
instantaneous and what happens to the droplets after~the charge is
transferred is unimportant.

4. The readings are instantaneous and continuous.

5. The availziblesensitivity pezmits the study 0$ the local varia-
tions in clouds.

6. Weighing errors are eUminated.

The analysis of clouds is very difficult with any method requtring
cylinders or other obstacles to separate the droplets accmxling to
their mass, because both the liquid-watm content and the droplet sizes
in the clouds are unknowm expressed fmp~citl.y in the equations
employed. An independent methcd for measuring liquid-water content in
the clouds would permit a simplification in the reduction of the data
to droplet size distribution.

Lewis FMght Propulsion Laboratory,
National Advisory Committee for Aeronautics,

Clevelzmd, Ohio, February 16, 1951.

-+-.

.
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APPENDIX A

SOLUTION OF EWR2TRIC-FIELD EQUATIONS

The problem to be solved is the determination of the field strength
at points in the field between two parallel plates A and C (fig. 1) with
a total applied ~oteptial Vt imposed between them. The potential drop
is large enough to cause a coronal discharge between the plates. Many
attempts to solve the field eqyations for different ion fields are
described in reference 4j but usually simp13fic&bionshave been neces-
sary to such a de~ee as to make the results inapplicable to the present
problan. In the present report a solution to the field equations is
obtatied that is com@ete enough to be of use. The solution is obtatied
by: (1) the use of the physical conditions that best lend themselves to
a solution of the equations, (2) the measurement of as msmy unkowns as
possible, and (3) the use of reasonable simplifying assumptions.

The variation of electrical field strengbh with position is
obtained only in the region between the luminous layer and the anode
plate. The assumption is made that in this region the electrons moving
toward the anode constitute the orilycurrent. This assumption maybe
somewhat debatable, but it is in agreement, within experimental errors,
with probe tests. Calculations employing this assumption are in sub-
stantial agreement with experhnental observations. These calculations
were of the type first made by J. S. Townsend (reference 6) and J. J.
Thomson and G. P. Thomson (reference 3) for the case of corona in
CoalKid cylinders.

lh the luminous layer, the current is the sum of that due to the
electrons movimg toward the anode and that due to the positive ions
movzbg toward the cathode. Al*ho@ an exact solution woul.dbe desir-

able, it has not been found necessary for solution of the problem for
the charged droplets. An obsmation in darbess of the mgnitude of A
is all that is necessary. A knowledge of the magnitude of X is nec-
essary ti order to position the cylinders properly.

If the field in the nonluminous region is assumed independent of
‘t-hey- and z-directions,Poisson’s equation for the electric field
becomes

. d%
—= -41’tp
~2

he assumption that @y and &?@z are zero is not
near the needle ~otitsj however, the cathode plate aids
uniform field over most of the distance from A to the

,,

(Al)

strictly correct .

in obtaining a
anode. The

●

—. — — — ...— —
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assumption is made that the charge density p is composed only of
negatively charged electrons. This last assumption also implies that
the current density is constant in the region considered.

Poisson’s equation will first be used~-tosolve for the field
intensity EO, which is here defined as the force at a point in the
electric field that would be exerted on a unit positive charge. From
the usual definition of the potential, the expression is obtained:

Eo+

The current density at any point x is

(A2)

(M)

where

J flow of positive electricity per unit cross-sectionalarea in
unit time

~lx drift velocity of electrons

Expertients have demonstrated the mobility k to be nearly a
over a considerable range of field strength, for a particular
given atmosphere (reference 4).

constant,
ion in a

The use of eqyation (A3) in Poisson’s equation (Al) yields

from which by inteaation and substitutionof equation (A2)

2

()

dV 8Yrjx
=

=E02=r -1-C12

and

3
Zz

v=d-
(

8tijx
—+C11211j k )

+ C2

(A4)

(As)

(A6)

— ———
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where
c1

and C2 ere constants of integration. “kheconstants of

integration are evaluated by applying the boundary conditions that the
anode is grounded and that the cathode is charged to a potential - Vt.
A questtin arises as to the validity of applying the boundary condition
that v = -Vt when X=2, because this condition implies that equa-
tion (A5) also applies in the luminous region. The justtiication is in
the exp~imental evidence (references 7, 10, and 11, and unptilished
work at the Lewis laboratory). For Mge value~-of dV/ti, in the
order of 2500 volts per centimeter or more; the rate of change of poten-
tial with respect to distance is nearly the same in the luminous region
as in the nonluminous region. The references cited present results with
coaxial cylindrical electrodes, but there is no reason for expecting
,thationization principles are clifferent for the p~ne parallel elec-
trodes in the problem presented herein. The error in the determination
of ~ from applying the aforementioned boundary conditions is neg-

ligible with high voltage drops and low values of j, as is true in
the instrument for which these eqpations are derived.

The current density j is measured with a microammeter that is
gonnected between the ground and a known area of the anode (figs. 1 and
6). Several of these elements of anode area are located where plate
and effects are least, and are insulated from the remainder of the
anode, which is directly
obtained from Langevin~s

connected to gound. The mobility k is
equation (ref:tience4)

k= ()*75&g (A7)
‘~ c1

ratio of charge to &Lss of electron

mean free path of electrons

average random velocity of electrons determined from Maxwell-
Boltzmann velocity-distribution curve

The mean free path of electrons is obtained from

. A’ =

where L is mean free path of

4fi L=5.6L

air molecules (reference 4) &nd

.

.
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where

kt Boltzmann constant

T absolute temp~ature

Compton’s more accurate egyation (reference 4) for the election mobiuty.
is not used because the refinement gained thereby is unwimanted for the
present purpose.

From the application of the first boundary conditiQn that V= O
for x= O in equation (A6)

C2 =
k ~3.—

lzl-rj1

and from the second boundary condition that V = -Vt for x=2

(A8)

(A9)

The constant Cl may be explicitly evaluated by expading the term

raised to the 3/2 power by the binomial theorem and retaining the first
two terms of the expansion. This operation is permissible when 8fljl/k
is small compared with Cl. The constant is

The mibstitution of this value for Cl into

u2
83(Jx ‘tE02 ==+ ~

(Ale)

equation (A5) results in

(1)

which is the required field intensity.

The effect of space charge on E. was very small in the experi-
mental model described in the section titled “Description of Instrument.”

The highest value of current density recorded was j = ~ X 10
-6

amp=e

= 1 X 103 electrostatic units; Vt = 25,000 volts.= 83.3 electrostatic

,. ULLtSj 2 .= 7.62 centimeters; k = 2.02 X 106 electrostatic units. For
these-~alues, equation (1) becomes>

—–—-—. ———
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2= (81-c)(lX 103)x+ 83.32
‘o Um2.02 x 106

NACA TN 2458
.

from which it is seen that the term containing x is very small com-
pared with the other term on the right because O <x <2, and equa-
tion (1) may be written

(2)

.

For the @trument used in the tests, no serious error was made in the
final results by ignoring the effect of the current density on E.j

however, this would not be true for instruments in which j is an
appreciable quantity.

.

.

—.
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. APPlmmx B

RATE OF CHARGE ACQUISEl?IONBY WA!lERDROPLET IN

IONIZED FIELD

The rate of acquisition of charge is derived for a droplet located
in an ionized field. The spherical droplet acqu3res charge by elec-
trical attraction of the electrons. The electrons follow the ties of
force that leadto the droplet (fig. 2). In this manner, the tioplet
ceases to acquire more electrons from the field when the radial force
of attraction between the electrons in the field and the droplet is
zero or negative for all angles of approach. For reasons of simplicity,
the theory is developed for spherical droplets that are perfect con-
ductors and then discussed for droplets, such as water droplets, that
have a specific inductive capacitmce of cr.

A conducting droplet (fig. 3) of radius a with center O and
tith a charge Q is considered located at a coordinate point x,
where the field E. is determinable from equation (1) or (2). The
objective is to derive the expression for the radial component of the
force exerted on an electron of charge c situated at a neighboring
point P a distance r from O. The derivation is based on the assump-
tions listed previously in the section entitled “P@nciple of
Operation.”

Derivation of Equations

The radial c~onent of the force of attraction between the drop-
let and the electron is givenby equation (3). For ease in evaluating
the significance of the equation, a transformation is made im the form
of r = a(l+v). In this manner the distance from the surface of the
droplet to the electron is given as a fractional part of the radius,
that is, by v.

.,.’
;.

. . . . .

‘+(.:dEocOs j-k:A-

{--*]
~2

‘2 3
a (l+V)

}

(Bl)

——- . . ..—.—— ._—..— —.. ——— —— ———-- –- .—————
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The chsrges represented by c and Q are negative, and therefore
electrons will no longer be forced on to the droplet when it has
acquired sufficient charge Q to make Fr zero or negative anywhere

in the field for all polar angles 0 of electron approach. When the
value of V is large compared to e, the last braced term of equa-
tion (Bl), the hage term, contributes very little to the value for
Fr . A a space surrounding the droplet is considered in which the image
terms are neg13@ble, it becomes evident that Fr is negative for all
values of 19 between fi/2 and 31-r/2regardless of the amount of
charge. As the charge Q acquiredby the ~oplet ticreases in magni-
tude, the force Tr becomes zero for successively smaller values of
the polar angle (3. Thus, the charge canbe imagined funneled through

.a cone for which the half-vertex angle 0 ‘decreasesas the amount of
charge Q acqyired by the droplet ticreases (fig. 2).

The variation of Fr ~eriencedby electrons a~roaching the
droplet along the x-tis, where 9 = O, for three values of Q is
shown in figure 10. The last term in equation (Bl), which represents
the mutual force of attraction between the electrons ad the tiopletj .
contributes fqeatly to the magnitude of Fr only for small values of
v, that is, when the electron is very near the surface. An electron
approaching the negatively charged droplet is acted on by a diminishing
force of attraction, which may become zero or repulsive for suffi- *
cientl.yhigh charge on the droplet, until the mutual force of attraction
becomes large enough to cause the attractive force to increase again.
The droplet is considered fully charged when it has been charging long .

enough to have raised the magnitude of Q to that required to make Fr
zero anywhere along the zero polar axis. Additional electrons will be
attracted to the sphere only if they l@ve sufficient kinetic energy
from thermal agitation or previous motion to carry them through the
region where Fr is Z=O. The charge thus acquired does not, inprin-
ciple, have any definite 15dtj however, the number of electrons that
have a high velocity is small and the droplet is in the region of ioni-
zation for only a short t3me. This type of charging is of minor con-
sequence in the iodmument under consideration.

The image t=maybe neglected without appreciable error in the
expression for the force of attraction provided that the results ap ly

zto conditions in which (aV)2 is much geater in magnitude than e .
The value of c is 4.803 X 10-10 electrostatic unit (refaence I-2).
For droplets with a radius of 10 microns (10-3 cm) the error resulting
from neglectin.gthe -e term is small for regions w%ere V is “

greater than 10-4. Became of the mutual attraction between the elec-
tron and the droplet, the escape of electrons from the stiace of the
sphere is very Improbable. When the image term is ignored, the expres-
sion for the electric potential at the position of the electron becomes

.,
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()a3
v= -l-—

r3
E@cos e+:

25

(B2)

The rate of accumulation of charge by a droplet is best detamined
from a consideration of the function for the Mnes of force smom@
a sphere located in an electric field. Prom Ianib(reference 13, pp. 127
and 128), the function is obtained for the lines of force, which are
orthogonal to the equipotential lines givenby equation (B2). Lamb
gives the force-field functions in terms of the zonalhamonics P= as

and

93 = -(l-~)

where n is the order of the zonal harmonic and p is assigned the
value of cos 0 for a problem involving a sphere.

The zonal harmonics (reference 13, p. 1.15)that suit the problem
under consideration result in the following force-field function:

~=~l+~2+*3=(A++ :)5~2e+c(’-cose)
(B3)

where A, B, and C are arbitrary constants to be evaluated by the
boundary conditions. The x-component of the local field strength is
obtained from the force-field function by the expression

(B4)

where o is defined by the re~tion

r2 .x2+y-2+z2. x2+# (B5)

(figs. 2 and 3). The relations

x
COB e.= ~ (B6)

-— — —.—. —.—.
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(B6a)

are obtained from the geometry and eqyation (B5).

The ftist boumdary condition to be applied is that
N

Ex = EO (B7)

when r is very large compared to the droplet radius a. The s@stitu-
tion of equations (B6) and (B6a) into equation (B3) yields

because &2~ = 2m from equation (B5). As r approaches ~, equa-
tion (B8) reduces to

(B9)
.

The mnibination of eqpations (B4), (B7), and (B9) yields -
.

A= -EO

The dther boundary condition is applied very near the surface of
the sphere where r % a, x z a, and 0 = O. Diff=entiation
tion (B4) gives

From the defimi.tionof the field strength

%“( %)%0, ==+
r==a

because from eqpation (B2)

in eqm-

(B1O)

(Bll)

G
,C)a

= l+<%( )Eocose+~r3 r2
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The first term on the right in equation (B1l.)gives the effect of the
external field Eo~ as motiied by the presence of the spherical drop-
let, and the second term the effect of the acc~ted charge Q. A
comparison of equations (B1O) and (Bll) yields

B . -Eoa3 ~d C = -Q

The final form of ~ is

v ()r2 ~3
=-E. T+7 sin2 8- Q(l -

This expression is the eqpation for the lines of
electrons flow.

At some point in the field near the surface

Cos e) (B12)

force along which the

of the droplet, where
r = a(l+v) and U is large enough to make the image terms of equa-
tion (Bl) negld.giblebut small enough numerically that r % a, some
value of e exists for a given value of Q for which Fr is zero.
Here the lines of force are normal to the rdi~j and there are no
lines of force, which originated at some distance from the droplet,
terminating on the droplet for e greater than this particular value.
KWS angle is denotedby eo, and from equation (Bl)

cos en =
Q--

‘Theequation of the Mne of
r~a and e=eo is

u
3Eoaz

force passing through the

(B13)

point where

from equation (B6), (B6a), and (B12). For very large values of r and
x

‘2=3a2~-(:~212]+~ ~+a=&@%a2+Q]2(B14)

Physically, u in this equation is the radius at a large distance fr’om
the tioplet of the largest force tube for which all the enclosed lines
of force terminate on the droplet. All Unes of force outside this
force tube do not intercept the droplet. Electrons that were initially “
enclosed by this force lnibewill impinge on the droplet.

-—. . —. —. —.. ——.- — -—-—- ——— —.— ——
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The rate of negative charge acquisition is determined with the aid
of equation (B14) and by solving for *

(m&5-Q)2 =3E~a2
31-ca%o jt

Q ‘EO+jfi

For large values of time t

Qm = 3EOa2

- w

at

(1). As was previously

(B15)

(5)

The value for E. is obtained from equation

stated, the current densiw j in the instrument built was small enough
that E. was @rtually constant in the nonluminous re~on. I?orthis

instrument, the droplets acqtied the same ckmge regardless of the x-
position through which they passed h the nonluminous region. If j is
appreciable, the charge acqtied depends on the value of x. h order
that relation (B15) apply, j must be sufficiently small that the first
assumption of urdform field in the neighborhood of the sphae is valid.

The effect of the specific inductive capacitance u of the water
tio~let on the charge acqtied can be determined by rewriting the
potential expression (eqyation (B2)) as

If the req@red changes
final result would be

were made in the process of development, the

(4)

.

.

and

‘m=k’2aEoa2

——
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Inasmuch as u = 81 for water, the effect of the specific inductive
capacitance is practically negligible.

Experimental Verifications

h at7%m@ was made to check experimentallythe ~o~t of @ge
acqxhed by metallic spheres in falling through a region of coronal
discharge. The spheres were individually dropped through an ionized
atmosphere that existed between cathode and anode plates, similar to the
setup illustrated in figure 1. The sphemes were caught below the
ionized re@on in a small metallic cup electrically connected to a -
qya%mnt electrometer. With this arrangement, only spheres of 250-micron
radius or larger acquired sufficient charge to allow accurate measure-
ments with the electrometer. The smallest sphere used was perhaps
20 times larger in diamet= than the estimated av=age droplet size in
clouds.

The most consistent results were obtained when the spheres remained
in the charging field long enough to acquilrenearly the saturation
charge, expressedby equation (5). Under these conditions the measured
charge averaged approdmately 2 percent less thsm the value calculated
with the use of equation (B15). The the the spheres remained in the
charging field was varied by changing the average velocity of the sphere
through the field. The velocity was changed by varying the starting
height above the field. If the height from which @ge spheres were
dropped was so chosen that the acqyired charge was equal to the charge -
acqyired by smaller spheres dropped from lower heights, the discrepancy
between the measured and calculated value of Q was still about
2 perce~.—

The qwdrant-electrometer method used in the experiments described
was insufficiently accurate to verify experimentally equation (B15) when
psrticles as small as cloud droplets were of interest. A method employ-
ing the principle of the mass spectrometer to separate particles accord-
ing to the ratio of charge to mass may, perhaps, fulfill.the need. In
this spectrometer method, the charge acquiredby a sphere might be
measwed by noting the effect of a known electrostatic field on a moving
charged sph=e of known mass.

—. . —— -—..——.-
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APPENDIX c

OF CURRENT ~S INTO DROPLET-SIZE DISTRIBUTION

The procedure for determ~n the electrical collection efficiency
Ec for the A distribution of-table I is explained in the section enti-
tled “Rinciple of Op=ation.” For the other distributions of table 1,
the procedure is explained with the use of a sample calculation for the
B distribution. The electrical collection efficiency Ec fm the B $
dismibution is essentially a modification of the mass collection effi-
ciency calculated with the differential analyzer (ref~ence 1) for the
A distribution. The over-all Ec of the B distribution is found from
the sum of the contributions of each size group in the B distribution.

In the work of reference 1 on the impingement of cloud droplets on
cylinders moving through the cloud, three convenient dimensionless
parameters were used:

18pa2Lu
@_
‘%

a2U2 %
K ~—~

@

I

(cl)
.

and

,,=fy} J
The collection efficiency is expressible in terms of the
quantities K@ and K, which are Mated in table III.

dimensionless
The values of

K@ wme chosen to cover a wide range of air speeds and droplet sizes.
The example chosen for presentation herein is worked for a K@ value of
‘20Q.

As a basis for beginninn the computations, a value of l/K= 4.0
is assigned to those droplets in the volume-median goup size. (This
particular value for l/K was chosen to correspond to one of the values
of l/K arbitrarily chosen in reference 1 for the computations for EM.)
The effect of the variation of the gro

T

size on l/K is obtainedby ~
dividing the assumed value of l/K (lK= 4.0) by (a/@2, because
the radius appears to the second puwm in eqwtion (Cl). The results
are shown in the fourth column of table IV.
Ec for each value of l/K thus computed is

The collection efficiency
obtainedby interpolation

.,
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of table III. The values of
in the ffith column of table

Ec corresponding
Iv.

31

to K@= “200are shown

The next step is to determine what con@ibution each size group
makes to the total Ec for the B distribution. A term T must be
defined as the ratio of the electrical charge contained in the partic-
ular group in question compared with the total of the charge contained
in all the groups. For example,

‘1=

“Tn =
6

T7 =

2
‘2a2

Nla12 + N2a22 + . . . N7a72

. . .

lV7a72

‘lal- + ‘2a2‘+*” ”N7a7-
.

where N is the number of drops in each size group and the s~scripts
refer to the group n~er in table IV. The values for N are deter-
mined from seven relations involving the percentage mass in each ~oup
size:

3

0.05 =
‘lal
3+N1a13 + N2a2 . . . N7~

3

. . .

N4a43
0.30 =

N1a13 + . . . N7a73

. . .

.

N7a73
0.05=

Nla13 + . . . N7a73

The values of T are presented in the sixth column of table IV.

-..—— .—— —.zc — .——. .— — ——
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The Ec for the B distribution when K@= 200 is the sum of the
individual contributions of each size group:

EC=E T+. ..+E
C,l 1 C,7T7

The value of Ec thus obtahed Is presented as the last fi~e in the
seventh column of table IV and is 13sted in table II. The process is’
repeated for all the other values of l/K and K@ given in table JI.

The data necessary from flight are the true airspeed U, the air
viscosity p, the air density pa, and the current per unit projected

srea from each different size of cylinders. On log-log paper the cur-
rent per unit of projected cylinder area is plotted as the abscissa
and the cy~der diameter as the ordinate (fig. n). A standard value
of K@ that corresponds most closely to the f13ght conditions is
chosen from table II. As only an approximate value of K@ is needed
to give a fairly accurate result, it is permissible to estimate the
volume-median drop size so @at a first-appro@mation value of K@
can be calculated to aid b the choice of the standard value of KQ.
The five columns corresponding to five distributions of droplet sizes
for the standard value of K@ chosen are plotted on log-log paper, Ec
as the abscissa and l/K as the ordinate (fig. 12). Log-log paper
should be used because multiplication of the value on one ass corre-
sponds merely to a displacement along that axis. Because Ec and cur-
rent per unit of projected cyhder srea are proportional and because
l/K is proportional to the cylinder diameter 2L, the plotted potits
of figure 11 closely coincide with one of the curves of figure 12 when
the two sheets of paper are superimposed and shifted horizontally and
vertically (not rotated), provided K@ was estimated fairly closely.
The best fit of the experimental curve of figure 11 with one of the
computed cmwes of figure 12 is shown in figure 12.

If the estimated value fcm KQ is incorrect, the curve of figure l.1
cannot be made to coincide with any of the curves of figure 12. U? the
curves do not coincide, figure 11 is matched with plots of l/K against
Ec for other values of K@. A method for interpolating K@ is pre-
sented in references 1 and 8.
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TABLE I- FIVE ASSUMED DISTRIBUTIONS OF DROPLET SIZE

~ize is expressed as ratio of average drop radius
in each group to volume-median drop radius

Table is taken frmn reference 1~
a.“

Total Mquid
water in eacl
group size

(percent)

5
10
20
30
20
10
5.

=s=
Distributions

T
1.00 0.56
1.00 .72
1.00 .84
1.00 1.00
1.00 1.17
1.00 1.32
1.00 1.49

c

0.42
.61
.77

1.OC
1.26
1.51
1.83

D

0.31
.52
.71

1.00
1.37
1.74
2.22

E

0.23
.44
.65

1.00
1.48
2.00
2.71

Example of interpretation: 30 percent of the liqtid-water con-
tent of sny cloud is contained in droplets that have a radius ~.

In the case of the B distribution, 20 percent of the liquid-water
content is contained in droplets that have a radius smaller than the
volume-median radius a. by a ratio a/a. = 0.84 and another 20 per-

cent in droplets that have a radius larger than a. by a ratio

a/a. = 1.17. A s3milar interpretation applies to the remaining values.

,.’

.
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TABLE II - VALUES OF

FOR DROPLET-SIZE

35
.

m

3
N

.

ELECTRICAL COLLECTION lIlZl?ICII!3X2YEc

DISTRIBUTIONSA; B, C, D, AND E

~

l/K

Jd
c

K@= 20

c DE

KQ=O

I
AB

).0400.049
.187 .171
.385 .343
.560 .521
.761 .723
.864 .836
.927 .912
.970 .961
.984 .981

c

).053
.158
.306
.476
.681
.800
.884

J

.948

.974

E A

).030
.137
.326
.522
.729
.843
.916
.963
.983

D

0.,055
.143
.271
.419
.619
.746
.842
.925
.959

B

0.037
.129
.289
.477
.692
.812
.897
.954
.978I

0.0400.043
.125 .117
.261 .233
.431 .380
.646 .584
.776-.717
.867 .824
.939 .913
.970 .953

0.054
.123
.215
.363
.548
.675
.765
.882
.934

4.0
2.0
1.0
.5
.2
.1
.05
.02
.01

0.067
.146
.246
.400
.581
.704
.790
.895
.943

K@= 200 K@= 1000

~.021
.101
.271
.478
.694
.822
.904
.961
.983
,

).030
.099
.224
.390
.609
.748
.851
.932
.966

!C.O
?.0
L.O
.5
.2
.1
.05
.02
.01

0.027
.100
.246
.432
.656
.788
.883
.949
.977 ~

).0330.044
.095 .104
.201 .186
.342 .330
.548 .515
.687 .646
.802 .739
.902 .871
.947 .926L

).0150.020
.076 .077
.226 .203
.420 .379
.656 .613
.796 .756
.886 .861
.951 .938
.980 .968

).022
.078
.187
.342
.567
.715
.826
.918

0.026
.077
.170
.303
.506
.652
.773
.886

0.035
.086
.159
.294
.478
.612
.709
.853

.957I .9351 .913

K@= 300Q K@= 10,000

0.o11 0.013 0.0160.022
.048 .051 .051 .059
.139 .I_31 .123 .116
.288 .263 .236 .234
.533 .487 .433 .411
.695 .649 .585 .551
.820 .779 .719 .654
.915 .891 .852 .813
.955 .941 .914 .887

.009
.C44
.149
.314
.582
.736
.848
.932
.965

L.o
?.0
L.O
.5
.2
.1
.05
.02
.01

I.oll0.015
.060 .062
.186 .172
.373 .339
.624 .579
.767 .729
.870 .843
.943 .928

).018
.064
.167
.306
.531
.686
.806
.907

0.0210.029
.064 .073
.148 .139
.272 .265
.475 .449
.622 .585
.750 .685
.872 .837

.9711 .9631 .9501 .9261 .902

.

..— .. . ._—_ _ . .._— —_ —_—_ .—. — .—— — —.
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‘I!ABIEm -VALUE30F~ANDEc FOR DISTRIBUTION

VALUES OF K@

A AS FUNCTION

OF l/K FOR V~OUS

[Table from reference 1~ ~w.Y

l/K
10,000

0 ● 009
.044
.149
.314
.582
.736
.848
.932
.965

0

3.040
.187
.385
.560
.761
.864
.927
.970
.984

200

0.021
.101
.271
.478
.694
.822
● 904
.961
.983

1000 3000

0.015 0.o1.1
.076 ●06G
.226 .186
.420 .373
.656 .624
.796 .767
.886 .870
.951 .943
.985 .971

20

0.030
.137
.326
.522
.729
.843
.916
.963
.983

4.0
2.0
1.0
.5
.2
.1
.05
.02
.01

TABLE Iv - SAMPLE CALCULATIONS FOR Ec FOR DISTRIBUTION B,

AND K@=c 200

[/ 11K for volume-mefian drop size assigned value 4.0.

Group

::

1
2
3
4
5
6
7

TECa Percentage 1 Ec T-
7
0

in each E
size group

0.56
.72
.84

1.00
1.17
1.32
1.49

5
10
20
30
20
10
5

12.73
7.72
5.68
4.00
2.92
2.29
1.82

0
.003
.008
:023
.050
.081
.118

0.085
.1.33
.227
.287
.163
.072
.032

0
.0004
.0018
.0066
.0082
.0058
.0038

X = 0.0266

.
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